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Abstract

Densification and microstructure development in PbO-doped NiZn ferrite have been studied with special emphasis on the effect
of the PbO amount. Pure Nig 36Zn¢ ¢4Fe,0, ferrite powder requires a sintering temperature of about 1300 °C to achieve a density of
5 g/em?. A small amount of PbO added to the ferrite powder reduces its sintering temperature by about 200 °C, without degrading
material properties. A sintered density of 4.9 g/cm? was achieved at 1100 °C with 1.2 wt.% PbO addition. Densification has been
found to occur by liquid phase sintering. The PbO addition was also found to prevent exaggerated grain growth by hindering grain
boundary motion.
© 2002 Elsevier Science Ltd and Techna S.r.1. All rights reserved.
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1. Introduction

NiZn ferrite system has been widely studied in the
recent years [1-4]. The densification of a pure NiZn
ferrite to a reasonably high density is difficult because of
the relatively high melting point of some component
oxides and low bulk diffusivity. As a result, it is very
difficult to obtain a sintered body with density exceeding
90% of the theoretical density using solid state sinter-
ing. At the same time, typical NiZn ferrites sinter satis-
factorily only above 1250 °C, their microstructure and
properties being difficult to control because of the vola-
tility of ZnO at such temperatures.

Two methods were used for reducing the sintering
temperature: (a) the incorporation of dopants into the
ferrite lattice [1,5] and (b) the use of sintering aids able
to form a liquid phase (liquid phase sintering) [2,6].

We have recently succeeded in densifying by liquid
phase sintering MgCuZn ferrite by PbO addition. Even
a small amount of PbO (0.9 wt.%) was found to pro-
mote a good densification [7].

The purpose of the present paper was to investigate
the effect of the PbO addition on the sintering tempera-
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ture, particle morphology and electromagnetic proper-
ties of NigseZngesFe>O4 ferrite prepared by a
conventional processing method.

2. Experimental

A ferrite of Nig36Zng ¢4Fe,04 composition was stud-
ied. PbO was added during powder preparation, in
amounts of 0.3 to 4 wt.% of the host NiZn ferrite.

ZnO, NiO, Fe,03; and PbO powders were mixed
together in distilled water for 2 h using an agate ball
mill. After drying, the powders were pressed into tor-
oids and tablets using a uniaxial pressure of 5-107 N/m?
without any Ilubricant. The green compacts were
annealed at 800, 900, 1000, 1100 and 1200 °C for 3 h at
each temperature and slowly cooled in air to room
temperature.

Sintered densities of specimens d were calculated from
the weight and dimensions of the disks. The micro-
structure was observed by Scanning Electron Micro-
scopy (SEM) on fractured surfaces. The phase structure
and lattice constant were determined by powder X-ray
diffraction (XRD) using CoK, radiation.

The initial magnetic permeability p; was measured on
toroidal samples by a bridge method at a frequency of 1
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kHz. The saturation magnetisation oy was measured on
spheres (3—4 mm diameter) prepared from the toroidal
samples, by a vibrating sample magnetometer, in a field
of 5 kOe. The electrical resistivity o was measured by a
Whetstone bridge on the disk-shaped samples, with sil-
ver electrodes. The average grain size D was determined
from scanning electron micrographs. As a measure of
the grain size, the mean linear intercept was taken.

3. Results and discussion
3.1. Mirostructure evolution

The diffraction patterns for three samples of
Nig 36Zng 6aFe,0,4 ferrite without and with PbO addi-
tions are shown in Fig. 1. A single phase spinel structure
was observed for all the samples. No undesirable second
phases have been detected. Also, the lattice parameter
was the same, irrespective of the presence or absence of
the dopant. This means that Pb ions do not enter the
spinel lattice because of their large radius (1.33 A) [8].

Scanning electron micrographs of four compositions
sintered at 1100 °C are shown in Figs. 2 and 3. The
microstructural features clearly show that the morphol-
ogy is affected by the dopant, i.e. (i) the mode of frac-
ture changes from predominantly transgranular in the
undoped sample to predominantly intergranular in the
PbO doped ones and (ii) the grain size increases from 2—
3 pum for the undoped sample to about 3-5 pm for PbO
doped samples. Furthermore, PbO doping tends to
change the initial shape of the grains. It is evident from
Fig. 3a that the undoped specimen showed a fine struc-
ture with faceted crystallites and many residual pores.
By incorporating PbO, the average grain size increased,
the crystallites tend to a spherical shape and boundaries
become clean and thinner (Fig. 3b). A duplex structure
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Fig. 1. X-ray diffraction patterns for Nij 35Zng ¢4Fe>0; ferrite without
and with PbO additive.

is formed consisting of small grain bridges around large
crystallites (Fig. 2c and d).

The microstructure of the PbO doped ferrites can be
explained on the basis of the liquid-phase sintering
mechanism [9—13], the formation of grain bridges for 1.5
and 4 wt.% PbO being specific to this sintering
mechanism.

3.2. Densification

The influence of PbO addition on the densification of
the Nig36ZngesFe,04 ferrite was investigated. The
results in Fig. 4 show that the amount of PbO has a
significant impact on the densification behavior of NiZn
ferrite. An increase in density was obtained by adding
more than 0.6 wt.% PbO and for sintering temperatures
higher than 900 °C. At 1100 and 1200 °C, the density
reaches its highest values of 4.9 and 5.05 g/cm?, respec-
tively, for samples doped with 1.2 wt.% PbO. Beyond
this doping level, the density slightly decreases because
the grain growth causes an intragranular porosity.
These results suggest that the concentration of PbO
should not be too low to facilitate ferrite sintering, but
at the same time, it should not be excessive. The bene-
ficial effect of PbO on the densification of NiZn ferrite
can be attributed to liquid phase formation during sin-
tering.

3.3. Effects of PbO content on the magnetic and
electrical properties

Fig. 5 shows the variation of electrical resistivity and
density vs. PbO content for samples sintered at 1100 °C.
Up to 0.6 wt.% PbO, the resistivity slightly decreases. A
PbO addition between 0.9 and 1.5 wt.%, i.e. at PbO
levels assing best densities and larger grain size, deter-
mines a sharp decrease of the resistivity by about one
order of magnitude, from ~107 Q-cm to ~10° Q-cm.
However, the electrical resistivity values of the doped
samples remain within reasonable limits for high fre-
quency applications, due to the fine granular structure.
When the amount of PbO exceeds 2 wt.%, the electrical
resistivity p remains practically constant due to the
grain boundary resistivity which can be effectively
improved by increasing the PbO content.

The influence of the PbO content on the saturation
magnetization o, and initial permeability p; is illustrated
in Fig. 6. One can remark that within the optimum
doping region of PbO (0.9-1.5 wt.%) the saturation
magnetization increases as a result of the dense packing
structure of the particles. Higher amounts of PbO lead
to a decrease of saturation magnetization o, It is
thought that the diffusion rate of Zn ions is much
higher than that of any other components in PbO melt
and the original cation distribution in NiZn ferrite is
disturbed [14].
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Fig. 2. SEM micrographs of the fractured surfaces of Nig 36Zng ¢4Fe,04 ferrite sintered at 1100 °C for 3 h in air: (a) pure NiZn ferrite; (b) NiZn
ferrite with 0.9 wt.% PbO; (c) NiZn ferrite with 1.5 wt.% PbO; (d) NiZn ferrite with 4 wt.% PbO. (Enlargement—3000x).

The pure NiZn ferrite sintered at 1100 °C, has an
initial permeability u; of 394 and this remains practi-
cally unmodified for doped samples with 0.9-1.5 wt.%
PbO. This result can be correlated with the micro-
structural evolution shown in Figs. 2 and 3. It is known
that the initial permeability of polycrystalline soft fer-
rites can be described as the superposition of domain
wall motion and spin rotation contributions. The small

b

Fig. 3. Enlarged (12 000x) SEM microgrphs for two samples: (a) Pure NiZn ferrite; (b) NiZn ferrite with 1.5 wt.% PbO.

grain size (2-5 pm) suggests that the initial permeability
of these ferrites is predominantly rotational in origin,
according to the model proposed by Zaag [15].

An interesting result was obtained regarding the tem-
perature dependence of the permeability (Fig. 7). The
undoped sample exhibits a continuous decrease of the
initial permeability p; up to near the Curie point. A
good thermal stability of the y; for 0.9 wt.% PbO over a
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large temperature range (20 to 80 °C) was obtained. For
higher additive concentrations, the shape of the u—T
curves is greatly modified; the initial permeability u;
exhibits a maximum near the Curie temperature and
then sharply decreases.
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Fig. 4. Sintered density of Nig 36Zng c4Fe,04 ferrites as a function of
PbO additive content, sintered at different temperatures.
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Fig. 5. Electrical resistivities (measured in d.c. and a.c. at 1000 Hz)
and sintered density of Nig3sZnge4Fe;0,4 ferrite with the additive
content of PbO, sintered at 1100 °C for 3 h in air.
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Fig. 6. Influence of PbO content on the saturation magnetization and
initial permeability of Nig 36Zng ¢4Fe,04 ferrite, sintered at 1100 °C for
3 h in air.
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Fig. 7. Temperature dependence of initial permeability for some sam-
ples sintered at 1100 °C for 3 h.

4. Conclusions

The sintering behavior and microstructure of NiZn
ferrite has been shown to be largely affected by PbO
addition. PbO significantly reduces the sintering tem-
perature, thus the energy consumption is minimized and
material loss by evaporation is minimized. Low levels of
PbO (0.9-1.2 wt.%) are beneficial to the liquid-assisted
densification. The resulting micrometer grain size, the
increase of the saturation magnetization, the thermal
stability of the initial permeability u; and the reasonable
electrical resistivity suggest that the PbO sintering aid
could be commercially attractive for the inexpensive
processing of NiZn ferrite at reasonably low tempera-
ture (=1100 °C).
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